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Growth, structure, and morphology of the Pd/MgO„001… interface:
Epitaxial site and interfacial distance

G. Renaud,* A. Barbier, and O. Robach
CEA-Grenoble, De´partement de Recherche Fondamentale sur la Matie`re Condense´e/SP2M/IRS,†

17, rue des Martyrs, 38054 Grenoble Cedex 9, France
~Received 30 September 1998; revised manuscript received 26 February 1999!

The growth at room temperature of Pd on an atomically flat MgO~001! surface has been investigated by
grazing incidence x-ray scattering. The structure and morphology of deposits in the range 0.2 to 183 mono-
layers~ML ! were analyzedin situ, in ultrahigh vacuum~UHV!. The growth proceeds by nucleation, growth,
and coalescence of islands. Channeling between islands starts around 18 ML, and above 35 ML, the film is
continuous and fully covers the substrate. Pd is in cube-on-cube epitaxy on MgO~001!, with an average lattice
parameter between those of bulk Pd and MgO. Neither stacking faults nor twins were found. As growth
proceeds, Pd is increasingly relaxed, but most of the Pd in the first one or two atomic planes is fully lattice
matched with the substrate. The islands are coherent with the substrate up to;4–5 ML of Pd deposited. Above
5 ML, interfacial misfit dislocations are introduced at their edges. These dislocations reorder to form a square
network above 35 ML. We have determined the epitaxial site, above oxygen ions of the substrate, and the
interfacial distance (2.2260.03 Å). The evolution of the interfacial distance as a function of the amount of Pd
deposited is deduced by a quantitative analysis of the substrate crystal truncation rods. Similarities and differ-
ences with the Ag/MgO and Ni/MgO interfaces are discussed, and general trends on the interfacial structure
and morphology are deduced.@S0163-1829~99!14431-X#
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I. INTRODUCTION

Ceramics and metal/ceramics interfaces are presen
many industrial materials such as catalytic converters, fi
effect transistors, low-emittance glasses, anticorrosion c
ings, composite materials, or medical implants. The prop
ties of these materials are often intimately related to
structure, composition, and morphology of their intern
interfaces.1 However, these properties are difficult to pred
because the interfacial energy contains several terms2–7 that
are of the same order of magnitude. Like the Ag and
MgO interfaces we have studied earlier, the Pd/MgO int
face has been chosen as a model metal-oxide system be
it is relatively simple:8,9 it has fourfold symmetry, a smal
unit cell, and no chemical reaction takes place at the in
face. Moreover, the epitaxy is cube on cube over a very w
temperature range~100 to 700 K!,10 and the MgO~001! sur-
face can be considered as a simple truncation of the bul11

In order to test the theoretical models, there is a stro
need for experimental data, in particular on the adsorp
site and interfacial distance. Some recent theoretical res
concluded that Pd adsorbs on top-surface oxygen,8,9,12,13

while others14,15 concluded to adsorption above Mg ions.
SEELFS investigation16 concluded to adsorption above th
Mg site. However, experimental data are scarce because
insulating character of the substrate hampers most exp
mental methods. To our knowledge, although most calc
tions estimate the interfacial distance, no experimental de
mination of this parameter is available.

The Pd/MgO~001! interface is also considered as a mod
system to study the elementary processes in heterogen
catalysis,17 which depend on the exact shape and distribut
of the metal clusters that are spread over a ceramic subs
PRB 600163-1829/99/60~8!/5872~11!/$15.00
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It is thus important to investigate the structure and morph
ogy of the Pd/MgO~001! interface during growth. This ha
driven a large number of studies18–26 aiming at producing
small particles with a well-defined distribution of sizes.

In most theoretical investigations, the contribution of e
itaxial strains to the interfacial energy is neglected, desp
the relatively large lattice parameter mismatch, (aPd

2aMgO)/aMgO527.64%, between fcc Pd and rocksa
MgO. However, the relaxation of the lattice parameter m
match is believed to yield an important contribution to t
interfacial energy.27 The state of strain in the metal depos
critically depends on the magnitude of the misfit as well
on the strength of the metal-oxide bonding at the interfa
This may also strongly influence the growth morphology.
is thus interesting to compare the structure and morphol
of similar systems such as Ag/MgO, Pd/MgO, and Ni/Mg
with very different misfit and strength of the interfacial bon
As concerns the Pd/MgO interface, the interatomic spac
in the Pd particles has been studied as a function of par
size and distance from the interface by high-resolution tra
mission electron microscopy~HRTEM! and surface ex-
tended energy loss fine structure~SEELFS!.18–20,28

Grazing incidence x-ray scattering29 ~GIXS! is well suited
for characterizing the structure and morphology of me
oxide interfaces during their growth by molecular-beam e
itaxy because it is insensitive to the insulating character
the substrate and can be usedin situ, in ultrahigh-vacuum
~UHV!, without perturbing the deposit. We have recen
shown in the case of the Ag/MgO~001! ~Ref. 30! and Ni/
MgO~001! ~Ref. 31! interfaces that this technique allow
studying the very first stages of deposition, and, more imp
tantly, determining the epitaxial site as well as the interfac
distance and its evolution with the metal thickness. The
5872 ©1999 The American Physical Society
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tial growth of Pd on MgO~001! has already been investigate
ex situby GIXS using a laboratory source.32,33 However, we
will show that the present investigation yields a lot mo
information.

This paper presents GIXS results obtainedin situ, during
the growth of Pd on MgO~001! from the very early stages
The experimental conditions are first described. The res
concerning the morphology of the deposit and the accom
dation of the lattice parameter mismatch at the Pd/MgO
terface are next presented. Then, the epitaxial site and in
facial distance are deduced, together with the evolution
several other parameters with the deposited amount. T
results are discussed in a last part and are compared wit
results obtained earlier on the Ag and Ni/MgO~001! inter-
faces. The differences between these three systems are
cussed according to the magnitude of the lattice param
misfit and the strength of the interfacial bonding.

II. EXPERIMENT

GIXS experiments were performed using the w21v s
face diffraction setup34 of the D32 undulator beamline a
ESRF ~European Synchrotron Radiation Facility, Grenob
France!.35 The UHV chamber~base pressure 10210mbar!,
equipped with entrance and exit 0.5 mm-thick berylliu
windows, is mounted on a six-circle diffractometer of ‘‘
12’’ type,34,36 which allows simultaneously performing th
deposits and the diffraction measurements. Pd was ev
rated from an electron-beam-heated rod~99.99% purity! by a
commercial evaporator~Omicron Instruments EFM4, Ger
many!. The substrate was held at room temperature du
the deposits. The measurements were performed on cum
tive Pd deposits, the growth being interrupted during x-
scans. The Pd deposition rate was 1Å/min, calibrated wi
quartz microbalance prior and after the x-ray measureme
This calibration was checked byin situ x-ray reflectivity
measurements on the last deposit. A thickness of 35661 Å
was deduced, which corresponds to within 1% to the c
brated thickness. This confirms that the condensation co
cient of Pd on MgO~001! is almost 1 at room temperature.37

The 1531530.5-mm3 MgO~001! single crystal was sup
plied, oriented60.1° and both sides polished by Sumitom
The preparation of the MgO~001! surface has been describe
in detail elsewhere.11 It leads to MgO~001! surfaces that are
very flat, stoichiometric, of high-crystalline quality, and fre
from impurities. The widths of in-plane MgO Bragg pea
were resolution limited, with a rocking curve smaller th
0.0015°. The substrate flatness was better than 0.01° ove
whole sample.

The Miller indexes (h k l) are expressed in reciproca
lattice units ~r.l.u! of MgO, using the bulk fcc unit cell
(aMgO54.2117 Å). Thel index is the component of the mo
mentum transfer perpendicular to the surface.Q is the
modulus of the momentum transfer.

The x-ray beam energy was set at 18 keV, which allow
measurements of crystal truncation rods38,39~CTR’s! over an
extended range of perpendicular momentum transfer,
yielding a high accuracy on out-of-plane parameters.
measurements were systematically performed with th
fixed values of the incident anglea of the x-ray beam with
respect to the surface,a50.07°,a50.12°5ac
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cal angle for total external reflection of MgO, anda50.2°.
In addition, some measurements were performed ata
50.3°, i.e., above the critical angle for total external refle
tion of Pd (ac

Pd50.207° at this energy!. Working at a
50.07° was mandatory for small Pd thickness, in order
optimize the surface signal-over-noise ratio, by minimizi
the background arising mainly from Compton scattering a
points defects in the bulk. The sample surface was verti
The incident x-ray beam size wa
0.05-mm~H!30.5-mm~V!. The opening of the two pairs o
detection slits was fixed at 1-mm~H!31-mm ~V! for the
measurements of the MgO CTR’s~corresponding to an an
gular acceptance of 0.1°!, and at 6-mm~H!31-mm ~V! for
in-plane measurements. The orientation matrix was so w
defined that all MgO~001! diffraction peaks were at thei
calculated positions within 0.001°.

III. RESULTS AND ANALYSIS

A. In-plane measurements: structure and morphology

The Pd growth was investigatedin situ, for depositsu
between 0 and 183 ML~i.e., thickness ranging from 0 to 35
Å!. We first performed in-plane measurements for increas
amounts of deposited Pd, in order to analyze the epita
relationships and the growth morphology. Radial sca
rocking scans, as well as scans of the incident angle w
systematically performed around or on the~200!, ~220!,
~400!, ~600!, and~440! in-plane Pd diffraction peaks. Radia
scans were performed atl 50.15 in order to reduce the con
tribution from the MgO Bragg reflections. Rocking sca
were exactly performed on the Pd Bragg peak~i.e., atl vary-
ing from 0.025 to 0.044, depending on the exact value of
critical angleac!.

Figure 1 shows radial scans along the~h 0 0.15! and
~h h 0.15! directions, aroundh52, for increasing deposited
amounts,u ~in equivalent monolayers ML!. Partially relaxed
Pd in cube-on-cube epitaxy~i.e., with the epitaxial relation-
ships: ~001!Pd//~001!MgO and @100#Pd//@100#MgO! is
present for all deposited amounts, as revealed by the p
appearing along both directions aroundh52.15. The Pd
peaks progressively shift toward the bulk Pd position, ah
52.1645. In both radial and rocking scans, they narrow a
increase in intensity as the thickness increases.

Figure 2 shows the evolution withu of several parameter
of the growing Pd. The critical angle for total external refle
tion ac @Fig. 2~a!# was deduced from scans of the incide
angle on the Pd in-plane Bragg peaks. The Pd peak pos
h @Fig. 2~b!# was deduced from radial scans. The full wid
at half maximum~FWHM! v, of rocking scans on the Pd
peaks@Fig. 2~c!# was deduced by fitting these peaks with
Lorentzian shape.

Below u518 ML, the critical angle@Fig. 2~a!# is found
constant, equal toac

MgO. It next linearly increases to reach
plateau, equal toac

Pd, above 35 ML. This can be understoo
if we consider that the growth of Pd on MgO~001! ~Refs.
18,16 and 20–24! is known to proceed via nucleation
growth and coalescence of islands, with four stages:40 first
initial nucleation of small islands, then growth and coale
cence of these nuclei, then, when the islands size beco
large enough, channeling between these islands, leading
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continuous network structure, and finally formation of a co
tinuous, hole-free film by filling the holes. Recent TE
experiments41,26 clearly revealed the channel stage: the
lands become elongated and join to form a continuous
work structure in which the deposited material is separa
by long, irregular and narrow channels. As deposition c
tinues, secondary nucleation occurs in these channels, e
tually leading to a continuous film. We propose that t
range between 0 and 18 ML corresponds to the two fi
stages. Between 18 and 35 ML, the increase of the crit
angle reveals the coalescence and channeling processe
critical angle is intermediate between those of MgO and
because the average density of the deposit is intermediat
this regime, the average electron density of the depos
smaller than that of Pd, and even than that of MgO, beca
significant free space is left between islands. As a result,
critical angle for total external reflection of the deposit
smaller thanac

MgO and the underlying MgO externally re
flects the incident beam. Between 18 and 35 ML, the
crease of the critical angle reveals the coalescence proce

FIG. 1. Radial scans during the room-temperature growth of
on MgO~001!, along the (h 0 0.15) ~a, top! and (h h t0.15) ~b,
bottom! directions, as a function of the amountu of deposited Pd.
The different amounts, 0, 0.2, 0.58, 0.8, 1, 2, 3, 4, 5, 6, 8, 10, 1
15, 17.5, 20, 25, 35, 50, and 183 ML, are indicated near the co
sponding curves. The successive scans were vertically shifted~mul-
tiplication by a factor of 2! for clarity. A vertical line indicates the
position,h52.1645, expected for bulk Pd. All the scans shown h
were performed with the same fixed incident angle of 0.07°.
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the critical angle is intermediate between those of MgO a
Pd because the average density of the deposit is intermed
Above 35 ML, the value ofa5ac

Pd indicates that the film is
continuous and almost completely covers the substrate.
intuitive interpretation~which is rigorously not correct, since
only the wave representation is valid!, would be that, below
18 ML, the islands are small, and do not have a signific
flat portion at their top. As a result, fora,ac

MgO, a large
fraction of the incident beam is transmitted through the
lands rather than being externally reflected by them. Betw
18 and 35 ML, larger islands are present, with a signific
fraction of their top surface being flat, and thus onto whi
the beam can be reflected, yielding a larger critical angle

The average peak positionsh of the ~200! and ~220! Pd
Bragg peaks@Fig. 2~b!# first increase quickly fromu50 to 5
ML, then stay roughly constant~around 2.15! up to u
535 ML, before slowly increasing toward theh value
~2.1645! expected for bulk Pd. For each deposited amou
the average lattice parameter of the Pd film@Fig. 3~a!# can be
deduced from these peak positions. Below 5 ML, the Pd
strained by the MgO because of its larger in plane latt
parameter. Above 5 ML, on the average, Pd is much m
relaxed. However, even at 183 ML, the Pd is not fully r
laxed. Note that the radial scans of Fig. 1 were performed
a50.07°, which is much smaller thanac

MgO andac
Pd. Thus,

below 35 ML, before the substrate is covered, the whole fi
thickness is probed, while above 35 ML, only the top porti
of the Pd film is probed. The scattering depth is of the or
of 15 ML ~30 Å! under these experimental condition
Hence, the average lattice parameter reported in Fig. 3~a! is
that of the top 30 Å of the Pd film, at least above 35 M
Below 35 ML, even with this grazing incidence angle, b
cause the critical angle is intermediate between that of M
and that of Pd, the whole film thickness is probed.

Figure 4 shows the~h 0 0.15! and~h h 0.15! radial scans
performed on the 183 ML thick film ata50.07°, 0.2°, and

d

5,
e-

e

FIG. 2. Evolution with the amountu of Pd deposited, of~a! the
critical angle for total external reflection, as measured by locat
the maximum of the intensity ofa-scans performed on the~220!
~open diamonds! and~200! ~open triangles! Pd Bragg peaks~upper-
curve, left scale!; ~b! the meanh position of the~2 2 0.15! ~black
squares! and~2 0 0.15! ~black disks! Pd Bragg peaks in radial scan
as deduced by Lorentzian least-square fits of the peaks~upper
curve, right scale!; and~c! FWHM v(Q) of the~200! ~dashed line!,
~220! ~continuous line with filled circles! and ~400! ~dotted line
with open squares! Pd Bragg peaks measured in rocking sca
~lower curve, left scale!.
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0.3°. Fora50.07° and 0.2°, which are belowac
Pd, similar

peak positions are found. Fora50.3°, for which the whole
183 ML-thick film is probed, the Pd peaks are closer to tho
of MgO: the Pd looks more strained. This yields the latt
parameter averaged over the whole thickness~3.9123 Å!,
also reported in Fig. 3~a! which corresponds to a 0.6% ave

FIG. 3. Evolution of four parameters characterizing the str
tural quality of the top 30 Å of the Pd film, as a function of th
amountu of Pd deposited.~a! Average in-plane Pd lattice paramet
aPd deduced from the~200! ~upper, left scale, solid circles! and the
~220! ~upper, left scale, solid squares! reflections. The lattice pa
rameters averaged over the whole film thickness from scansa
50.3° for the 183 ML film are also reported as large open symb
A horizontal line locates the lattice parameter of bulk Pd.~b! Av-
erage mosaic-spread~upper, right scale, open circles!. ~c! Average
in-plane domain sizeD ~lower, right scale open squares!; and ~d!
average gradientDa/a of Pd lattice parameter~lower, left scale,
open triangles!. A vertical line at 5 ML locates the onset of th
introduction of dislocations at the edges of islands, and two o
vertical lines at 18 and 35 ML locate the onset and end of isl
channeling.

FIG. 4. Radial scans along the (h 0 0.15) ~left! and (h h 0.15)
~right! directions aroundh52, for the thickest~183 ML! film, and
different incident anglesa50.07° ~dashed lines!, a50.2° ~dotted
lines! and a50.3° ~continuous lines!. The logarithm of the inten-
sity is reported as a function of the in-plane coordinateh. Remark
the satellite, notedS, between the Pd and MgO~2 2 0.15! peaks,
visible whena50.3°.
e

age lattice expansion. The parameter averaged over the
30 Å is 3.8991 Å~only 0.2% expansion with respect to bu
Pd!, more than twice closer to the Pd bulk lattice parame
of 3.89 Å. These scans with different incident angles th
show that the relaxation in Pd is gradual: the parameter
creases with increasing height with respect to the interfa

The angular widthv(Q) of the Pd diffraction peaks in
rocking scans@Fig. 2~c!# is large~several degrees! for small
u, and decreases continuously as the deposited thicknes
creases. Above 35 ML, when the film is continuous, t
widths of the different orders of Pd reflections@~200!, ~220!,
and ~400!# are very close to each other, while they diff
below 18 ML. The rocking width may have two origins: th
limited sizeD52p/DQs of crystallites with a contribution
vs(Q)5DQs /Q, whereDQs is the constant peak broaden
ing in reciprocal space due to the finite-size effect, and
in-plane mosaic spreadM, which does not depend on th
momentum transferQ. These three angular widths are relat
by

v2~Q!5vS
2~Q!1M25

DQs
2

Q2 1M2.

Hence, for each thickness, plotting ofv2(Q) as a function
of 1/Q2 allows deducing the mosaic spreadM @Fig. 3~b!# and
the domain sizeD @Fig. 3~c!#. The finite-size broadening is
found to dominate over the mosaic spread up tou;10, 7,
and 5 ML for the Pd~200!, ~220!, and ~400! reflections,
respectively. For large thickness, the widths of all Pd Bra
peaks arise primarily from the finite in-plane mosaic spre

The in-plane mosaic spread@Fig. 3~b!# increases linearly
with the logarithm ofu up to 18 ML where it reaches a
maximum of 1.85°, and next decreases continuously, do
to 0.6° foru5183 ML.

The average in-plane domain size@Fig. 3~c!# increases
continuously from 27 Å atu50.58 ML, up to 330 Å atu
5183 ML. Before the film gets continuous, this paramete
likely to be the average in-plane island size. Note that
values ofD529 Å at 1 ML andD534 Å at 1.5 ML are very
similar to one of the rare value~32 Å for u51.2 ML! ob-
tained by scanning tunneling microscopy42 ~STM! for room-
temperature growth of Pd on thin MgO~001! film. While the
increase of the domain size is slow below 18 ML, there i
jump between 18 and 35 ML, as expected, because of c
neling between islands.

The widthsDQr of the Pd peaks measured in radial sca
also have two contributions:DQs , due to the finite size of Pd
crystallites, andDa/a3Q, due to the inhomogeneityDa/a
of lattice parameters within the Pd. This inhomogeneous
tice parameter distribution can arise either from a str
within each island, or from different average lattice para
eters between different islands. These radial widths are
lated by:

DQr
25DQS

21S Da

a D 2

3Q2.

Hence, plottingÄQr
2 as a function ofQ2 for different

orders of reflections allows deducing again the domain s
D, as well as the gradientDa/a. The values obtained forD

-
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are very close to those deduced from rocking scans but h
larger error bars and are more scattered. The evolution
Da/a is reported in Fig. 3~d!. The logarithm ofDa/a is
found to decrease linearly with the logarithm ofu. Da/a
decreases from 0.13 atu50.58 ML, down to 0.007 foru
550 ML, and is completely negligible foru5183 ML. A
comparison betweenDa/a3Q and DQs shows that, along
radial scans of all Pd Bragg peaks, foru between 3 and 35
ML, the lattice parameter gradient effect dominates over
finite-size broadening. For the~200! reflection however,
these two widths are very close to each other for all depo

During growth, wide radial scans around the~220! Bragg
peaks were also performed at differentl values to detect
possible rods of scattering arising from stacking faults alo
the ~111! plane.43 In addition, wide radial scans were pe
formed where diffraction peaks from twinned Pd should
detected if present.44,45 In agreement with previous HRTEM
measurements,19 neither stacking faults nor twinning wer
found, whatever the amount of Pd deposited. 360°-w
rocking scans were also performed on the~200! and~220! Pd
peaks, to look for other possible epitaxial relationships of
such as ~111!Pdi~001!MgO, suggested by several oth
investigators,32,33 and found in other systems, e.g
Pt/MgO~001!.46 No other epitaxial relationship than cube o
cube was found.

All the above results show that measurements in ra
and rocking scans of several orders of reflections are ma
tory to get a complete description of the film crystalline qu
ity and its evolution during growth.

B. Strain relaxation in Pd

From the preceding section, it appears that the major
of Pd has a lattice parameter close to that of bulk Pd. T
analysis of the residual deformations in Pd may help to
derstand how this ‘‘relaxed’’ Pd is connected to the su
strate.

We have seen that the shape of radial scans arises pr
rily from the distribution of lattice parameters in Pd, which
the result of an average over the strain distribution ins
each island, and of an additional average over the diffe
islands.

The scans along both the (h h 0) and (h 0 0) directions
show that, below;5 ML, Pd is partially strained, and th
scattering by Pd is composed of only one peak. The isla
are thus coherent with the substrate, i.e., withN MgO planes
‘‘connected’’ to N Pd planes. Aboveu;5 ML, a shoulder
appears at anh value of;2.08, intermediate between that
MgO (h52) and that of Pd (h52.1645), revealing inhomo
geneous deformations in Pd. We have already observe
similar behavior in the Ag/MgO~001! system.44 Simulations
were performed, which showed that this peak splitting ari
from dislocations entering the island edges.

For the thickest film, when probing the whole thickne
~at a50.3°!, and thus reaching the interface, a satellite
visible between the MgO and Pd peaks aroundh52.08 along
the~h h 0.15! direction~Fig. 4! but no satellite is found along
the ~h 0 0.15! direction. We have demonstrated elsewhere
the case of Ag on MgO~001! ~Refs. 45 and 47! that these
satellites, which are also present on radial scans of hig
order reflections, arise from an interfacial network of mis
ve
of
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edge dislocations, oriented alonĝ110& directions, with
1
2@110# Burger’s vectors. The spacing between dislocatio
~36 Å! corresponds to that of the O-lattice of the coinciden
site lattice~CSL! model.48 A network of misfit dislocations
with the same orientation was previously observed
high-resolution transmission electron microsco
~HRTEM!,18,49,50but for interfaces obtained by internal ox
dation. We thus propose that the misfit edge dislocations
appear during growth at the edges of the islands reorde
form a regular network when the film gets continuous. T
explains why, fora.ac

Pd, along the~h 0 0.15! direction, the
shoulder in between the MgO and Pd peaks progressi
disappears above 18 ML, and has completely vanished ab
35 ML ~this evolution is not shown fora.ac

Pd, but the
result is clear for thick films, see Fig. 4!.

C. Out-of plane measurements

An interesting observation is the pronounced decre
with increasingu of the MgO CTR intensity at the~2 2 0.15!
and ~2 0 0.15! locations~Fig. 1!. This decrease starts at th
very beginning, even foru50.2 ML. If, above 18 ML, it can
be attributed to the exponential damping of the transmit
beam in Pd, this is not the case below, and can only
explained by a strong destructive interference on the M
CTR’s. This section is devoted to the analysis of this effe
which allows determining the epitaxial site and interfac
distance.

The sharp truncation of the substrate is known to prod
CTR’s ~Refs. 38 and 39! extending perpendicular to the su
face, and connecting bulk Bragg peaks. Between Br
peaks, the intensity variation is very sensitive to the struct
of the interface. On the MgO~001! surface, two kinds of
nonequivalent CTR’s are present: ‘‘strong’’ones~whose in-
tensity is proportional to the square of the sum of the atom
form factors of O and Mg!, with h andk even, and ‘‘weak’’
ones ~whose intensity is proportional to the square of t
difference of the form factors!, with h andk odd. They yield
complementary information on the adsorption site.30

We have quantitatively measured the (20l ), (31l ) and
(31l ) MgO CTR’s on the bare substrate and during the fi
stages of Pd deposition, between 0.2 and 12.5 ML. T
CTR’s were found to be everywhere resolution limited e
cept aroundl;0. The FWHM of the rocking curve of the
anti-Bragg~110! CTR, which is not resolution limited, wa
found ;0.01°, which corresponds to an average terrace
of 6000 Å. For the bare substrate and foru51 and 2 ML, the
CTR’s were measured by rocking the sample around its
face normal for eachl value. These rocking scans were bac
ground subtracted, integrated, normalized to constant m
tor counts and corrected for polarization and Loren
factors.43,51,52Most other measurements were performed
rectly in ‘‘ l scans’’, i.e., along the CTR’s, and corrected wi
a different Lorentz factor.52 This is possible only because th
intrinsic width of the MgO CTR’s is everywhere~except
close tol 50! much smaller than the width induced by th
experimental resolution, and because this width is not mo
fied by the deposition of Pd, at least foru,12.5 ML.

This last observation shows that the fraction of the
films that scatters at this location has the same correla
length as the substrate: the corresponding Pd atoms mu
correlated via the substrate.
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Figure 5 shows the (20l ) and (31l ) CTR’s for the bare
substrate and foru51 ML. Pd deposition drastically modi
fies the shape of the CTR’s. On the (20l ) CTR, it induces a
pronounced decrease in the intensity betweenl 50 and 2,
together with a sharp minimum aroundl 52.35. Along the
(31l ) CTR, a destructive interference is present both on
low-l and high-l sides of the~311! Bragg peak, and a positiv
interference on the right of the~333! peak. These modifica
tions arise from the interference between the waves scatt
by the substrate, and those scattered along the CTR by
fraction of the Pd film made of the Pd atoms correlated
the substrate. For simplicity, we will call these atoms ‘‘re
istered’’ or ‘‘on site’’. They are Pd atoms that sit on a lattic
having the same in plane lattice parameter as the subst
By fitting the experimental MgO CTR’s with an appropria
model, it is possible to determine the position of the adso
tion sites of ‘‘on-site’’ Pd atoms and several structural p
rameters of the ‘‘on-site’’ fraction.

The (20l ) and (31l ) CTR’s were simultaneously fitted
using a least-squares fitting procedure. The occupa
oon-site(z) of the ‘‘on-site’’ Pd plane located at a distancez
above the last MgO plane was described by a complemen
error function

oon-site~z!5oon-site

1

2N
erfcS z

&sPd
D ,

where N5 (
Ag
plane
nbi

1

2
erfcS zi

&sPd
D .

FIG. 5. Modulus of the structure factor of the (20l ) and (31l )
CTR’s for the bare substrate and for 1 ML of Pd deposited.~a!
(20l ) CTR, obtained by integration and correction of rocking sca
measurements, for the bare MgO~001! substrate~open squares with
the line showing the best fit!; and for u51 ML of Pd deposited
~open circles with error bars; the continuous line is the best fit!. The
best fits yielded the following parameter values:dPd-MgO52.22
60.02 Å, oon-site50.560.1 ML, sPd52.760.3 Å, and dPd-Pd

51.8660.03 Å ~b! l-scan measurements of the~31l! CTR for the
bare substrate~open squares! and after deposition ofu51 ML
~open circles!. ~c! Calculated (31l ) CTR, for the bare substrat
~open squares!, and for 1 ML of Pd deposited, with Pd above eith
Mg ions ~dashed line! or O ions~thick continuous line!.
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The fitting parameters are the total amount of ‘‘on-site
Pd (oon-site, in ML!, the additional roughnesssPd of the ‘‘on-
site’’ Pd with respect to the MgO substrate, the interfac
distancedPd-MgO, and the mean interplane~002! distance in
the Pd film,dPd-Pd, that was supposed to be independent
the height with respect to the interface. The roughness is
root-mean squares averaging of the actual mean height o
‘‘on-site’’ fraction and the variation of this height. The sca
and the substrate roughness~2.4 Å rms! were first deter-
mined by a fit of the clean substrate CTR’s~Fig. 5!, the
substrate roughness being modeled by a Gaussian dist
tion of terrace heights.53 The MgO~001! substrate was as
sumed to be unaffected by the Pd deposit.

The best fits of the (20l ) CTR for u50 and 1 ML are
reported in Fig. 5. Qualitatively, the sign of the interferen
along this CTR~with h and k even! allows discriminating
between epitaxy on top of either oxygen or magnesium
the one hand, or above the octahedral site on the other h
The strong destructive interference on the right-hand side
the ~222! Bragg peaks allows excluding the possibility of th
octahedral site. The parameters weredPd-MgO52.2260.02Å,
oon-site50.560.1 ML, sPd52.760.3 Å, and dPd-Pd51.86
60.03 Å. The measurement of a CTR withh and k odd is
necessary to distinguish between the two remaining poss
epitaxial sites: oxygen or magnesium. Fig. 5~c! shows the
simulated (31l ) CTR, using these parameters, for a Mg si
and for an O site. Clearly,the epitaxial site is above oxyge
atomsof the substrate, and not Mg ones.

Then, for all deposits betweenu50 and 12.5 ML, the
(20l ) and (31l ) CTR’s measured inl scans were simulta
neously fitted over the rangesl 51 to 3.7 and 0.5 to 3.7
respectively, assuming the oxygen site. The best fits of
experimental data are reported in Fig. 6, and the correspo
ing parameters in Fig. 7. For all deposits, the agreemen
good, which shows that the chosen model is adequate.

s

FIG. 6. Comparison between the measured~rough line! and cal-
culated~smooth line! (20l ) and (31l ) CTR’s during the room tem-
perature growth of Pd on MgO~001!. The modulus of the structure
factor is reported as a function of the out-of-plane momentum tra
fer. Both CTR’s have been simultaneously fitted over a large ra
of out-of-plane momentum transfer. The amountu ~in ML ! of Pd
deposited is indicated in the figure. The curves were vertica
shifted for clarity.



s

ry

e

al

d

ur

w

d
tti

a
he
ro

all

-

g
nt
ial

ex-

ve
is

ue,

een

m

at,
e

e to
ela-

b-

f
iva-
for
-

e

of

ft

or-
on
Pd

is

5878 PRB 60G. RENAUD, A. BARBIER, AND O. ROBACH
oon-site @Fig. 7~a!# and sPd @Fig. 7~b!# are found to first
increase quickly withu, and then slowly reach asymptote
around;1.3 ML and 6 Å respectively. dPd-Pd @Fig. 7~c!#
decreases from 1.895 Å foru50.2 ML down to 1.79 Å for
u54 ML, and next stays nearly constant, with only a ve
slight decrease down to 1.785 Å foru512.5 ML. Finally,
dPd-O @Fig. 7~d!# shows a peculiar behavior: it first decreas
from ;2.2360.03 Å at u50.5 ML down to 2.1560.03 Å
for u54 ML, and then increases to reach a steady state v
of 2.2260.03 Å above 10 ML. Note that all thesedPd-O val-
ues are very close to each other.

IV. DISCUSSION

In the following, the different results are discussed, an
model~schematically shown in Fig. 8! of the evolution of the
structure and morphology during the room-temperat
growth of Pd on an automatically flat and clean MgO~001!
surface is proposed. These results are finally compared
those we previously obtained in the Ag/MgO~001! ~Ref. 59!
and Ni/MgO~001! ~Ref. 31! systems, and similarities an
differences are discussed on the basis of the different la
parameter misfit and strength of the interfacial bonding.

A. Epitaxial site and interfacial distance

The above analysis unambiguously shows that the Pd
oms of the first monolayer sit on top of oxygen ions of t
substrate. This contradicts previous conclusions drawn f
SEELFS measurements,16 that Pd would be on top of Mg

FIG. 7. ~a!. Evolution with the amountu of deposited Pd of the
four parameters used for fitting the CTR’s~a! the total amount of
‘‘on-site’’ Pd expressed in number of ML~uncertainty estimated to
60.1 ML!; lower curve, solid squares, left scale!; the dashed line is
the equivalent amount depositedu; ~b! the rms roughness of th
‘‘on-site’’ Pd ~uncertainty estimated to60.3 Å; lower curve, open
circles, right scale!; the continuous line is the equivalent height
the Pd deposited.~c! the ~002! interplane distance in PddPdPd ~un-
certainty estimated to60.03 Å; upper curve, open triangles, le
scale!, horizontal lines indicate the bulk interplane distanced'

Pd/B,
and the fully strained interplane distanced'

PdS calculated in the
framework of the linear elasticity theory; and~d! the interfacial
distancedPd-O ~uncertainty estimated to60.02 Å; upper curve, solid
triangles, right scale!.
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ions. The present result is however in agreement with
recent theoretical predictions.8,9,12,13In particular, anab ini-
tio full-potential linear muffin-tin orbital study of the elec
tronic structure of a 1-ML Pd deposit on the MgO~001!
surface8 found a much smaller interfacial energy~20.65 eV/
atom! for Pd on top of O, as compared to Pd on top of M
~20.36 eV/atom!. This result is also consistent with rece
theoretical and experimental investigations of the epitax
site of different metals on the MgO~001! surface, where the
metal is Fe,54 Ni,9 Ag,6 or Cu,55,9 which all concluded to
adsorption above oxygen. In addition, we have recently
perimentally demonstrated that adsorption of Ag~Ref. 59
and Ni~Ref. 31! takes place above oxygen. We, thus, belie
that the controversy concerning possible epitaxial sites
close to being over: in all cases, the epitaxial site is uniq
atop the oxygen ions.

Whatever the deposit, the interfacial distance lies betw
2.15 and 2.23 Å, with a steady-state value of 2.2260.03 Å.
This is very close to the values of 2.18 Å foru51 ML and
2.225 Å foru52 ML calculated recently,8,56 as well as to the
theoretical value of 2.15 Å obtained for a single Pd ato
adsorbed on top of the oxygen ions.9,13

This comparison, along with the epitaxial site, shows th
in the present Pd/MgO~001! case as well as in the case of th
Ag/MgO~001! ~Ref. 59! and and Ni/MgO~001! ~Ref. 31! in-
terfaces, the latest theoretical models are fairly accurat
calculate the main structural characteristics of these r
tively simple interfaces.

B. Pseudomorphic Pd

The evolution withu of the structural parameters descri
ing the ‘‘on-site’’ fraction contains a lot of information, in
particular on the nature of this ‘‘on-site’’ fraction.

Let us first look at the roughness. As shown in Fig. 7~b!,
below u52 ML, the roughness of the ‘‘on-site’’ fraction
~i.e., its average height! is equal to the equivalent height o
Pd deposited. It next remains much smaller than this equ
lent height, reaching only the height of 3 atomic planes
u512.5 ML. This shows that the ‘‘on-site’’ fraction is con
fined near the interface between Pd and MgO~001!. In addi-
tion, at the very beginning (u,0.5 ML), the ‘‘on-site’’ oc-

FIG. 8. Schematic representation of the evolution of the m
phology and structure during the first stages of growth of Pd
MgO~001! at room temperature, as a function of the amount of
depositedu. ~a! Below 4–5 ML, coherent islands;~b! between 4–5
and 18 ML, incoherent islands with disordered dislocations;~c!
between 18 and 35 ML, channeling between islands;~d! above 35
ML, continuous film with ordered dislocations. The Pd that
lattice-matched to the MgO parallel to the interface~i.e., pseudo-
morphic! is represented in black.
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cupancy@Fig. 7~a!# is nearly equal to the amount deposite
the fraction of Pd that is already relaxed is much smaller t
the pseudomorphic fraction. Foru51 ML, Oon-site;0.5: half
of the amount deposited is ‘‘on site’’ and located at the
terface. The ‘‘on-site’’ occupancy next increases only mu
more slowly thanu, saturating around Oon-site51.2 ML for
large deposited amounts. From these observations, we
clude that, for all deposited amounts, most of the ‘‘on-sit
Pd is composed of a pseudomorphic Pd layer, i.e., a Pd l
that is lattice matched with MgO parallel to the surface, a
is located either at the interface or in the next two Pd laye
This is confirmed by the fact that the same scale facto
obtained when fitting CTR’s of different orders, whic
would not be the case59 if the interferences along the CTR’
were arising from relaxed Pd. This pseudomorphic Pd
schematically represented in black in Fig. 8, at the interfa
below the relaxed Pd islands~note that, in the middle of eac
island, for symmetry reason, there should be a column of
atoms that are also perfectly ‘‘on site’’, although not pseud
morphic; this column also participates weakly to the para
eters of the ‘‘on-site’’ fraction deduced from the measu
ments; hence, in particular, the thickness of t
pseudomorphic part is very slightly overestimated!. Our con-
clusions are in agreement with previous HRTEM~Refs. 20
and 18! as well as SEELFS~Refs. 19 and 28! measurements
which show that the first Pd layer at the interface is latera
expanded to adopt the lattice parameter of MgO.

The out-of plane Pd-Pd distance may be compared to
~002! bulk Pd interplanar distance,d'

Pd,R51.945 Å, and to
the value ofd'

Pd,S51.71 Å calculated in the framework o
linear elasticity for Pd strained in plane to the MgO~001!
substrate. This latter is deduced from the lattice parame
according to: d'

Pd,S2d'
Pd,R/d'

Pd,B5223C12/C113ai
Pd,S

2ai
Pd,B/ai

Pd,S whereC11 andC12 are the elastic constants o
Pd (2.27131011Pa and 1.76131011Pa, respectively!, ai

Pd,S

is the in-plane lattice parameter of Pd strained by the M
substrate~i.e., the MgO lattice parameter!, and ai

Pd,B is the
bulk Pd lattice parameter. For all deposits, the interpla
distance is intermediate between these two values. At
beginning of deposition, it is closer to the bulk value, a
decreases down to a nearly constant value closer to tha
elastically strained Pd foru.4 ML. At the beginning, the
‘‘on-site’’ Pd has a thickness limited to one or two atom
layers, so that the elasticity theory cannot be applied. Sinc
is covered and surrounded by relaxed Pd~see Fig. 8!, a value
close to the bulk one is not surprising. As the thickness
creases, belowu54 – 5 ML, the elasticity theory becomes
better approximation. However, the islands are now co
posed mainly of relaxed Pd and a small amount of pseu
morphic Pd. This explains the decrease of the interplane
tance, while still being larger thand'

Pd,S.
The fact that both the interfacial distance and the Pd

terplane distance show a discontinuity aroundu54 – 5 ML
can be correlated to the onset of plastic relaxation for
amount of Pd deposited. Above 4–5 ML, dislocations
introduced at the island edges relaxing the misfit, and
‘‘on-site’’ fraction becomes confined in the regions of ‘‘goo
match’’ between the Pd and MgO lattices, i.e., laterally
cated between two misfit dislocations lines. At these lo
tions, the ‘‘on-site’’ Pd is close to truly pseudomorphi
:
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which explains the value of the Pd interplane distance. Ho
ever, the out-of-plane interplanar distance should no lon
be compared to elastic calculation of strained Pd, but ra
to a full calculation of the atomic positions between tw
misfit dislocations, which is beyond the scope of the pres
study.

Above u54 – 5 ML, the increase of the interfacial dis
tance would correspond to a weakening of the metal/ox
bond as the interfacial atoms become less isolated, i.e
they are more and more involved in the metallic bounding
the Pd film. An increase of the interfacial distance withu is
actually what is predicted byab initio calculations56,57and is
the tendency that is intuitively expected. Why the interfac
distance decreases at the very beginning of deposition is
clear. A tentative explanation would be correlated with
decreasing aspect ratio~height over lateral extension! of the
islands with increasingu. As this aspect ratio would de
crease, the influence of ‘‘metallic’’ bonding versus interf
cial bonding would also decrease, resulting in a shorter
terfacial distance.

C. Structure and morphology during growth

Recent HRTEM observations of the growth morpholo
at room temperature,26 revealed that the islands are rath
ragged, with no well-defined surface plane, which is fu
consistent with the evolution ofac below 18 MI. The Pd in
these small islands is coherent with MgO and a large st
induced by the substrate is present, which decreases
increasing island size. We propose that the relaxation is d
near the edges of the islands because the surfaces are fr
deform, which is in agreement with recent HRTE
results.18,20,58

Above u54 – 5 ML, the Pd becomes incoherent, with i
troduction of misfit dislocations at the edges of the islan
We have seen that, below 4–5 ML, the islands grow in s
while being strained by the substrate, with the first atom
layer at the interface being nearly pseudomorphic. Hen
large strains are accumulated in this pseudomorphic la
and also in the partially relaxed Pd located near the edge
the islands~see Fig. 8!. The corresponding elastic energ
stored in the Pd film increases with the island size. We p
pose that, around 4–5 ML, the island size reaches a crit
size above which it becomes energetically more favorable
release part of this strain by introducing dislocations near
edges, where the elastic energy stored is maximal. This
ture is consistent with the rapid decrease@Fig. 3~a!# of the
average in-plane lattice parameter up tou55 ML, followed
by the much slower decrease after the lattice parameter m
has been relaxed by the introduction of misfit dislocation

The increase of the mosaic spread up to;30 ML shows
that small finite rotations of the islands is probably an ad
tional relaxation process helping to minimize the strain e
ergy stored in the pseudomorphic or partially strained P40

As the islands grow in size, thus storing more and m
elastic energy at the interface, they undergo larger and la
rotations up to a point, above 18 ML, where connectio
between islands start to form, resulting in a reorientation
the islands with respect to each other, and in the averag
a decrease of the mosaic spread.40 In addition, new defects
such as grain boundaries or misfit dislocations are likely
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be introduced when islands coalesce into very wide islan
which again help relaxing the elastic energy. This results
continuous decrease of the mosaic spread aboveu518 ML.

The onset of reordering of interfacial dislocations is p
sumably responsible for the increase of the domain size m
sured on the top of the Pd islands.

The continuous decrease ofDa/a and the increase of th
domain size reveal the decreasing influence of the subs
on the film as this later grows thicker. After the film is co
tinuous, the domain size becomes large because very
new defects have to be introduced during growth.

Before going on, our results should be compared to
previous combined GIXS and TEM study of the growth
Pd on MgO~001!.32,33 The main differences with the prese
study are the higher deposition rate~1 Å/s instead of 1
Å/min!, the higher substrate temperatures~100, 300, and
600 °C!, the substrate preparation conditions~polished and
then in situ annealed!, and the higher pressure (
31027 Torr) during deposition. In addition, the GIXS ex
periments were performedex situwith a laboratory source
on different samples with different thickness. Consequen
the resolution in momentum was poor, and only films thick
than 10 Å could be investigated. Most of the Pd was found
cube-on-cube epitaxy, but the peculiar shape reported he
the Pd scattering was not observed, neither the satellite
ing from interfacial dislocations. Other orientational relatio
ships were reported, which are not found in the pres
study. These may have been induced either by surface de
or by surface contamination. The CTR’s were not measu
so no information was deduced on the epitaxial site and
terfacial distance.

D. Comparison with the Ag/MgO„001… and Ni/MgO„001…
interfaces

In order to better understand the basic physical phen
ena governing the interfacial structure, i.e., the parameter
the interface and the residual deformations within the m
islands, it is interesting to compare similar systems with s
tematic variations of some physically relevant paramet
among which the lattice parameter misfit and the strength
the interfacial bonding. Indeed, the final state of the isla
results from a competition between different mechanis
The larger the lattice parameter misfit, the sooner the in
duction of misfit dislocation or other misfit releasing defe
is expected. Also, intuitively, the larger the misfit and t
larger the metal stiffness, the less likely the metal is to
strained by the substrate. At the opposite, the stronger
interfacial bonding, the stronger the tendency of the meta
be strained by the substrate, and possibly to form a fu
lattice-matched~pseudomorphic! interfacial layer.

We have systematically investigated by GIXS the str
ture and morphology of three metal/MgO~001! interfaces
during their in situ growth at room temperature for thre
different metals, Ag,59 Pd, and Ni.31 In all three cases, the
metal has a fcc structure and the epitaxy is cube on cube.
misfit at these three interfaces shows a systematic trend
creasing from 2.98% for Ag, to 7.64% for Pd, and26.4%
for Ni. According to many recent theoretical calculations, t
strength of the metal-oxide bond also varies significantly
s,
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the same order. For Ag, the binding is weak, of physisorpt
type, between 0.1 and 0.3 eV/atom,2,6,27,57,60–67and mostly of
electrostatic origin, while for Pd and Ni, the bond is mos
polar covalent and ranges from 0.658 to 0.8167 eV/atom for
Pd, and from 0.8867 to 1.249 eV/atom for Ni. Comparison of
the elastic constants of the three metals also shows that A
much softer than Pd and Ni. On the other hand differen
between the crystal-vapor surface energies of the three
als can be neglected in a first approximation.68 Apart from
the common three-dimensional growth mode, which is
pected by simple thermodynamic arguments, these three
terfaces indeed exhibit fairly different characteristics. For
and Pd thick films, the lattice parameter misfit is simply r
laxed by a network of interfacial misfit dislocations, whi
for Ni, the relaxation is performed by the growth, in additio
to cube-on-cube Ni, of Ni clusters in Ni~110!iMgO~001! ep-
itaxy, with four different in-plane orientationa
relationships.31 The absence of ordered misfit dislocations
the Ni/MgO~001! interface is not surprising because the lar
value of the misfit implies alternative relaxation processe

More interesting is the state of strain in the metal clust
as a function of their size~or of the deposited amount!. At
the very beginning of the growth, the islands are very sm
~with a size smaller than 100 Å!, and thus have a large su
face over volume ratio. It is well known that, if such sma
clusters would be free standing, the average lattice param
would be much smaller than the bulk parameter. For
stance, a numerical simulation69 yields 3% and 1.4% smalle
lattice parameters for hemiellipsoidal Ag islands of 100 a
700 atoms, respectively. As shown for very small clusters
the case of Ni and Cu,9,55 when these clusters are absorb
onto MgO, which has a larger lattice parameter, the aver
interatomic distance tends to be intermediate between tha
the free cluster and that of MgO because of the interfa
potential. The larger the interfacial bonding, the larger
metal average interatomic spacing.

The in-plane diffraction data show that, at the very beg
ning of the growth (u;0.5 ML), the average lattice param
eter is very close to that of the bulk for Ag, nearly in betwe
that of the bulk and that of MgO for Pd, and only slight
larger than the bulk one for Ni. While the trend for Ni cou
be anticipated because of the very large misfit, the comp
son between Ag and Pd is somewhat contrary to intuit
since Ag is softer and has a smaller misfit, so that the ela
energy due to residual deformations is expected to be sm
for strained Ag than for strained Pd. This effect actua
reveals the much weaker binding of Ag with MgO, as co
pared to Pd. The Ag-MgO bond is so weak that the fre
surface effect fully dominates for small clusters.59 By com-
parison, although Pd is stronger and displays a larger m
with MgO, its binding to MgO is strong enough to partial
overcome both the residual deformation elastic energy
the free-surface effect.

The difference between the three metals is even cle
when comparing the parameters of the ‘‘on-site’’ fractio
The significant decrease of the interfacial distance, from 2
Å for Ag to 2.22 Å for Pd and 1.88 Å for Ni, directly reflect
the increasing strength of the interfacial bond. The m
striking differences however lie in the amount and height
the ‘‘on-site’’ fraction, at the beginning of the growth, be
tweenu50 and 10 ML. For Pd and Ni, the amount of ‘‘on
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site’’ metal saturates around 1.2 ML for largeu, and its av-
erage height saturates around 2 to 3 atomic planes.
shows that, in both cases, a significant fraction of the in
facial atoms is fully lattice-matched laterally with the Mg
substrate. The larger misfit for Ni is compensated by
stronger bonding with MgO, yielding a very similar pseud
morphic fraction in both cases. Very different is the case
Ag, with an extremely small amount of ‘‘on-site’’ Ag~less
than 0.1 ML for u50.5 ML! extending over a very large
height, reaching 15 atomic planes foru510 ML. This, to-
gether with the other scattering measurements, could onl
interpreted by the absence of lattice-matched Ag at
interface.59 Despite the small lattice parameter misfit and t
softness of Ag, which implies a lesser cost of residual de
mations as compared to Pd and Ni, all the Ag within t
islands has a lattice parameter close to that of bulk Ag e
at the interface. This effect can only be explained by the v
weak binding at the Ag-MgO interface. The larger isla
aspect ratio~;0.4! in the case of Ag as compared to Pd or
~;0.2! is another indication of this difference in interfaci
bond strength.

From all the above comparisons, we may conclude t
the structure and morphology at these metal/MgO interfa
are mostly influenced by the strength of the bonding at
interface, rather than by the lattice parameter misfit.

On the other hand, the presence or absence of twins
stacking faults seems to be connected to the bulk proper
A significant tendency to twinning and stacking faults w
evidenced for Ag,59 while neither twins nor stacking fault
were found in the cases of Ni~Ref. 31! and Pd. This is in
agreement with the much larger twin boundary and stack
fault energies in Ni@125 mJ/m2 ~Ref. 70! and 43 mJ/m2 ~Ref.
71!, respectively# and Pd@180 mJ/m2 for the twinning energy
~Ref. 72!# as compared to Ag@16 mJ/m2 ~Ref. 73!, respec-
tively#.
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V. CONCLUSIONS

In summary, at room temperature, for a deposition rate
0.5 ML/min, the growth of Pd on an atomically fla
MgO~001! surface is confirmed to proceed by nucleatio
growth and coalescence of islands from the very beginn
of the deposition~0.2 ML!. The Pd deposited is in cube-on
cube epitaxy. Neither stacking faults nor twins were foun
Below 4–5 ML, most of the Pd is coherent with the Mg
substrate. The monolayer closest to the interface is mo
pseudomorphic, while the remaining Pd has a lattice par
eter close to the bulk one, thanks to relaxation at the ed
and on the free surfaces of the islands. Around 4–5 M
misfit dislocations are introduced at the edges of the islan
New dislocations probably continue to appear at the Pd
lands edges as the islands grow laterally. Large flat isla
appear near 18 ML, and the film becomes continuous aro
35 ML. Above 35 ML, the dislocations that are buried at t
interface reorganize into an ordered network.

A new, quantitative analysis of the MgO CTR’s allowe
for the first time the determination of the adsorption site a
interfacial distance, as well as a description of the morph
ogy of the deposit for very small Pd amounts. The epitax
site is unambiguously shown to be Pd above O ions of
last MgO~001! plane, and the steady-state value of the int
facial distance is found to bedPd-MgO52.2260.03 Å. These
two results are consistent with the most recent theoret
calculations.

Comparison with similar measurements for the Ag/Mg
and Ni/MgO~001! interfaces shows that the main differenc
between the interfacial characteristics in the three syst
mostly arise from the largely differing strength of the met
oxide bond, rather than the lattice parameter misfit.
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